We address the mechanism of sedimentary basin formation along strike-slip fault systems with 3-D numerical simulations based on a continuum damage rheology model. The formation of these basins is usually explained by a pull-apart mechanism that predicts a rhomb-shaped basin geometry bounded by two longitudinal strike-slip faults and two transverse listric faults. Significant ductile deformation of the lower crust and upper mantle associated with basin growth requires normal or elevated heat flux. The Dead Sea continental transform is associated with some of the larger and unusually deep basins, among which the southern Dead Sea is the deepest. The heat flow in the Dead Sea basin is anomalously low and it is associated with deep seismicity. Moreover, the basin is bounded by deep transverse normal faults rather than the listric faults required by the pull-apart model. Hence, the formation of the basin cannot be explained by the existing pull-apart model. Ben-Avraham and Schubert proposed an alternative conceptual model for the formation of the deepest basin at the southern Dead Sea. They suggested that an isolated block of lithosphere has dropped into the mantle. We simulate the formation of this and other deep basins along the Dead Sea fault and demonstrate that the 'drop down' mechanism of the Dead Sea basin formation suggested by Ben-Avraham & Schubert is possible. Density heterogeneities formed in the crust or upper mantle during a previous stage of regional magmatism, drop into the upper mantle when strike-slip faults are created and detach them from the surrounding lithosphere. The simulations indicate that the resulting basin is rhomb-shaped and that with time it grows by the addition of distinct segments to its edges. The proposed mechanism could account for the formation and evolution of large sedimentary basins along other strike-slip fault systems, such as the San Andreas fault and other continental transform faults.
. Location of the Dead Sea and other basins within the Dead Sea fault (a). DTM images of Hula (b) and Dead Sea (c) basins. Note that on the surface the Hula basin is rhomb-shaped; nevertheless, recent study (Schattner & Weinberger 2008) shows that the basin does not extend significantly at depth and the main strand of the Dead Sea fault in this area cuts the basin diagonally from southeast to northwest. In contrast, in the Dead Sea basin, which is divided into two subbasins, two main strands of the Dead Sea fault, the Jericho fault and the Arava fault border the basin on the west and on the east. The deep basin, at the northern part of the southern subbasin, is bounded by the Boqeq fault in the north, the Amazyahu fault in the south, the Sedom fault, an extension of the Jericho fault, in the west, and the Arava fault in the east. Surface location of the model is shown by the heavy dashed rectangle. accommodated in the brittle upper crust is accompanied by significant ductile deformation of the lower crust and upper mantle. Recent studies (Sobolev et al. 2005; Petrunin & Sobolev 2006; Smit et al. 2008) suggest that formation of a deep pull-apart basin such as the Dead Sea basin requires a ductile lower crust corresponding to normal or high heat flow. However, the heat flow is anomalously low in the Dead Sea basin (Ben-Avraham et al. 1978; Eckstein & Simmons 1978; Shalev et al. 2007) . The Dead Sea basin is also associated with deep seismicity (Aldersons et al. 2003; Shamir 2006) and is bounded by deep transverse normal faults in the southern part rather than the listric faults required by the pull-apart model (Ginzburg et al. 2007) . Therefore the formation of the Dead Sea basin cannot be explained by existing pull-apart models.
Measurements of the geometric complexity of faults (Wesnousky 1988 (Wesnousky , 1994 Stirling et al. 1996) demonstrate that the density of step offsets in the examined fault traces decreases as a function of cumulative slip, showing an evolution with continuing deformation from a disordered network of linked fault segments to simpler dominant localized fault zones. Additional observations and modelling (Ben-Zion & Sammis 2003; Finzi et al. 2009 ) indicate progressive evolution of fault structures toward increasing localization and geometric simplicity. Numerical simulations of the long-term evolution of a large strike-slip fault zone initially produce a system of stepping en-echelon segments that evolves with continuing deformation to a through-going localized structure. Recent geodynamic models of restraining and releasing bends along strike-slip faults (Li & Liu 2007; Li et al. 2009 ) also demonstrate that such bends along strike-slip faults typically result in concentrations of strain energy that favour development of newer faults cutting across the fault bends. Marco (2007) has suggested that a localization of faulting in the Dead Sea fault takes place as long as there is no change in the stress field. He showed that faulting along the Dead Sea transform began in the early-middle Miocene over a wide zone of up to 50 km and later, by the end of the Miocene, became localized. An interesting example is the Hula Basin north of the Sea of Galilee (Fig. 1) . While the surface expression is of a rhomb shaped basin, a recent study (Schattner & Weinberger 2008) showed that the basin is relatively shallow and the main strand of the Dead Sea fault in this area cuts the basin diagonally from southeast to northwest. Nemer et al. (2008) recently studied evolution of the Yammouneh sedimentary basin (see Fig. 1 for location) along the main active branch of the Dead Sea transform fault within the Lebanese restraining bend. Figs 2(a)-(c) (modified after Nemer et al. 2008) schematically represents the suggested tectonic evolution starting with a fault step-over (a), displacement is primarily accommodated by faults bounding the rhomb-shape basin according to the classical pull-apart mechanism (b). Subsequently, a younger fault develops within the basin and accommodates all strike-slip movement (c). Limited normal faulting along the margins of the basin may continue, but the original step-over faults are generally inactive. Ehrhardt et al. (2005) described a similar situation in the northern Gulf of Aqaba (Elat). The main strand of the Dead Sea fault (Fig. 2d) bounds the eastern margin of the basin to the south, cuts diagonally across the basin at the northern Gulf of Aqaba from SE to NW (Elat fault) and joins the strand of the Dead Sea fault to the north (Evrona fault).
How then were the deep basins along the Dead Sea fault and other shear zones formed when the tendency of the fault zone is to become smooth and localized? In spite of this tendency, the longitudinal faults bordering the deep basins remain almost at the same distance from each other during the evolution of the basins as also suggested by the pull-apart models of basin formation. However, in contrast with the pull-apart model, it was demonstrated in some cases that the transverse faults bordering the deep basins also remain equidistant during their evolution (Ben-Avraham & Schubert 2006; Ginzburg et al. 2007) . It is also unclear how the length of a pull-apart basin and the thickness of its sediments are determined and how the associated extensional strain is distributed at depth beneath the basin. Geological arguments (Garfunkel & Ben-Avraham 1996) as well as gravity data (ten Brink et al. 1993) suggest that the deformation pattern beneath the Dead Sea basin may change significantly from upper crust to lower crust and to mantle lithosphere. In the case of the Dead Sea basin, it is not understood why the supposedly extended crust is apparently not accompanied by a significantly uplifted Moho (ten Brink et al. 2006) .
Recently Ben-Avraham & Schubert (2006) proposed a conceptual model of a 'drop-down' mechanism for the formation of the Southern Dead Sea basin. According to their suggestion, propagating faults isolated a block of lithosphere that dropped into the mantle. However, a quantitative description of this process was not presented.
In this work, we address the origin and evolution of the deep basin along the Dead Sea fault by 3-D numerical simulations in a model with a seismogenic crust governed by a continuum damage rheology. The damage rheology approach has several advantages in reproducing brittle rock deformation compared to the classical rigid elastic-plastic model of a solid governed by Byerlee's law (e.g. Brace & Kohlstedt 1980) . A realistic rheological model of the faulting process should include subcritical crack growth from the very early stages of loading, material degradation due to increasing crack concentration, macroscopic brittle failure, post failure deformation, and healing. Among different approaches accounting for gradual material degradation are Robinson's (1952) linear cumulative creep damage law, Hoff's (1953) ductile creep rupture theory, Kachanov's (1958 Kachanov's ( , 1986 ) brittle rupture theory, Rabotnov's (1959 Rabotnov's ( , 1988 coupled damage creep theory and many modifications of these theories (e.g. Valanis 1990; Papa 1993; Hansen & Schreyer 1994; Kachanov 1994; Krajnovic 1996; Allix & Hild 2002; Newman & Phoenix 2001; Turcotte et al. 2003) . Several authors pointed out that damage rheology is the most appropriate continuum framework for analysing large deformation in the upper crust (e.g. Turcotte & Glasscoe 2004) , and used this approach for simulating irreversible deformation in a brittle layer on the top of a convecting mantle (e.g. Auth et al. 2003; Bercovici 2003; Regenauer-Lieb & Yuen 2003) . The thermodynamically based twophase model for compaction and damage of Bercovici et al. (2001) , and accounts for viscous rock deformation but leaves out elasticity. That model was successfully applied to study shear localization and plate boundary formation, but is not appropriate for analysis of brittle failures in the seismogenic zone where elastic deformation plays the dominant role. The rate-and state-dependent (RS) friction model (e.g. Dieterich 1979 Dieterich , 1981 Ruina 1983 ) provides a framework that can be used to simulate important aspects of fault evolution, including stable slip, nucleation of instabilities, rupture propagation, and healing. However, the RS formulation assumes that deformation at all stages occurs on well-defined frictional surfaces, and it does not provide a mechanism for understanding distributed deformation. In this study we use the viscoelastic scalar damage rheology model of Lyakhovsky et al. (1997) and Hamiel et al. (2004) . The governing equations of the damage rheology model, numerical simulations of evolving fault zone structures in a 3-D lithospheric model and relevant references are summarized in and Finzi et al. (2009) . The numerical modelling demonstrates that the 'drop-down' mechanism of the Dead Sea basin formation, suggested by Ben- Avraham & Schubert (2006) is possible. We propose here that dropping down of pre-existing heavy magmatic bodies into the mantle is the main mechanism driving the basin formation. Density heterogeneities, formed in the crust or upper mantle during previous phases of regional magmatic activity terminated well before the Dead Sea formation, dropped into the upper mantle only when strike-slip faults were created. Thus, the present model connects the processes that have led to the basin formation and the Dead Sea fault itself and provides an explanation of the main features of the basin.
D E A D S E A B A S I N
The Dead Sea fault has several unique characteristics. The mean value of the corrected heat flow data for the northern part of the Dead Sea basin is 38 mW m −2 (Ben- Avraham et al. 1978 ). This value is comparable with nearby continental average values of 42 mW m −2 obtained by measurements in abandoned wells west of the lake (Eckstein & Simmons 1978) . Recent re-evaluation of the heat flow data (Shalev et al. 2007 ) confirmed these low values. Another characteristic of a large part of the Dead Sea fault is its anomalous deep seismicity, extending almost to the mantle (Aldersons et al. 2003; Shamir 2006) . Sixty per cent of wellconstrained microearthquakes (M L ≤ 3.2) in the Dead Sea basin for the period 1984-1997 nucleated at depths of 20-32 km and more than 40 per cent occurred below the depth of peak seismicity situated at 20 km. The deep seismic activity is consistent with a low heat flow of 40 mW m −2 , and suggests that the lower crust might be cold and brittle. This situation is quite different from that of the San Andreas fault, where the majority of the seismic activity takes place in the upper crust above ∼15 km depth (e.g. Magistrale 2002; Rolandone et al. 2004) . The slip rate for the San Andreas Fault is several times higher than for the Dead Sea fault. Hence, one might expect a deeper seismogenic zone in California. The difference between the heat fluxes, 60-80 mW m −2 in California (e.g., Blackwell & Steele 1992 ) and ∼40 mW m −2 in the Dead Sea, could possibly be responsible for the anomalous deep seismicity along the Dead Sea fault. With this heat regime, a mathematical model by Petrunin & Sobolev (2008) suggests that the deep pull-apart basin might be created only if the pre-existing major faults are essentially frictionless. The formation of the diagonal fault cutting the basin is not allowed by the modelling procedure adopted by these authors (Sobolev et al. 2005; Petrunin & Sobolev 2006 .
Seismic refraction and gravity data indicate that the northern part of the southern Dead Sea basin is unusually deep, with about 14 km of sedimentary fill (Ginzburg & Ben-Avraham 1997; Ben-Avraham & Schubert 2006) . Geophysical data suggest that the deep basin is probably bordered on all sides by vertical faults that cut deep into basement (Ginzburg et al. 2007) . A similar situation exists in the southern Sea of Galilee basin (Reznikov et al. 2004) .
Magmatic events are recorded in the late Proterozoic Arabian-Nubian Shield of Sinai, southern Israel, Jordan, northern Saudi Arabia, and the Eastern Desert of Egypt over the past 900 Myr (Stein & Ben-Avraham 2007) . After the end of the Pan African Orogeny magmatic activity in the entire region occurred in several pulses in Early Mesozoic, Early Cretaceous, Late Cretaceous and Neogene to recent times (Garfunkel 1989; Gvirtzman & Garfunkel 1997 . These events have led to heterogeneous crust in the Middle East with great variability in the lithology expressed by several regional magnetic anomalies. The largest anomaly in the vicinity of the Dead Sea basin is the Hebron magnetic anomaly, which was interpreted (Rybakov et al. 1995) as a large basic magma body of unknown age penetrating the Permo-Triassic sediments. The age of the latest magmatic activity around the Dead Sea basin is more than a hundred million years (e.g. Garfunkel 1989 ). Magma intrusion of this age placed in the lower crust (20-30 km depth) beneath the Dead Sea should be completely cooled prior to the Dead Sea basin formation. This is consistent with evidence discussed above that supports a low surface heat flow and relatively cold lower crust.
Interpretation of gravity and topography data (ten Brink et al. 1990 ) leaves room for several versions of the Moho offset across the Dead Sea transform including a deep heavy intrusion in the lower crust (20-30 km depth) beneath the Dead Sea. Analyses of the morphology and structure of the crust and lithosphere using gravity, topography and seismic data reveal that at present the Dead Sea fault is not compensated isostatically and deep heterogeneities are expected (Segev et al. 2006) . Wdowinski & Zilberman (1996 , 1997 noted large-scale topographic and structural asymmetry across the Dead Sea fault, which resembles an uplifted shoulder on the eastern side and a wide arch on the west. Wdowinski & Zilberman (1996) used a kinematic isostatically supported half-graben model to calculate average uplifted structures mostly attributed to unloading of the surface.
Numerical simulation (Ben-Avraham & Lyakhovsky 1992; Lyakhovsky et al. 1994) of the propagation of faulting activity along the entire Dead Sea fault took into consideration both the opening of the Red Sea in the south and the collision processes in the Taurus Mountains in the north. This mathematical model of the evolution of the Dead Sea fault suggests that it was created as a result of the propagation of two fracture zones at its northern and southern ends towards each other. The simulation outlined only the general trend of the Dead Sea fault. Ben-Avraham & Schubert (2006) suggested that the tips of the two propagating rifts met in the area of the southern subbasin of the Dead Sea.
M O D E L F O R M U L AT I O N
We study the proposed mechanism of deep basin formation due to dropping down of a pre-existing heavy magma body into the mantle by simulating the evolving seismicity and fault pattern in a 3-D numerical model with the sizes 250 × 150 km and 70 km depth. The model consists of three different layers ( Fig. 3 ): weak sediments (3 km thick); crystalline crust up to Moho (30 km depth); upper mantle. A relatively small (∼10 km radius), but heavy spherical magma body is embedded at Moho depth. We combine damage rheology reproducing brittle rock deformation in the seismogenic zone with power-law laboratory-based ductile rheology for the lower crust and upper mantle. The total strain tensor ε t i j in each layer is written as the sum of three strain components associated with different deformation mechanisms
where the elastic strain ε i j and the damage-related inelastic strain ε i i j are calculated using the damage rheology approach briefly discussed below. ε d i j represents ductile strain governed by Newtonian viscosity in the sedimentary layer and by the power-law relation between the shear stress τ and the strain rateε (e.g. Weertman 1978) in the lower crust and upper mantle:
The parameters A and n are empirical constants, Q is activation energy, V * is activation volume, P is pressure, T is temperature, and R g is the gas constant. A, n and Q values are presented in Table 1 together with other material parameters of the damage rheology model. For relatively low pressures corresponding to depths less than 100 km, the PV * term in (2) is negligible. For the lower crust we use the material constants appropriate for diabase rocks (Carter & Tsenn 1987) , wet olivine for the upper mantle (Hirth & Kohlstedt 2003) ; and eclogite parameters for the inclusion (Jin et al. 2001) . Material parameters controlling the ductile strain component are presented in Table 1 .
The simulations incorporate a depth-dependent temperature distribution, corresponding to a pre-defined surface heat flow that is kept constant during the simulation. Following Turcotte & Schubert (2002) , we assume that the heat production due to radioactive elements decreases exponentially with depth and use the depth-dependent temperature T(z)
where T 0 = 300 K is the surface temperature, k = 3.35 Wm
is the coefficient of thermal conductivity, q = 40 mW m −2 is the heat flow, H is the surface radiogenic heat production and h is the length scale of its exponential decay. For the radiogenic component of the continental heat flow we take ρ c H = 3.7 × 10 −3 mW m
and h = 10 km. The governing equations of the damage rheology model, their thermodynamic basis and experimental verification are presented in Lyakhovsky et al. (1997) and Hamiel et al. (2004) . Discussion of the model and numerical results demonstrating evolving fault zone structures have been recently presented by ), Finzi et al. (2009 and references therein. Here we only briefly discuss the main features of the damage rheology adopted for the present study and sensitivity of the results to the model parameters. The model provides a quantitative treatment of the macroscopic effects of evolving distributed cracking with local density represented by an intensive damage state variable varying from zero for intact rock to one at total failure. The damage model accounts for three general aspects of brittle rock deformation including (1) mechanical response of a solid with an existing crack density, (2) kinetic changes associated with the evolution of the crack density and (3) macroscopic brittle instability (seismic event). This physical framework allows calculation of the simultaneous evolution of damage and its localization into narrow highly damaged zones (faults), earthquakes and associated deformation fields. Synthetic earthquake catalogues generated during the model runs enable analysis of coupled evolution of faults and seismicity pattern. The material parameters for each layer are listed in Table 1 . The elastic moduli of the damage-free rocks are estimated from typical values of the rock density and seismic wave velocities widely accepted in the geophysical literature. In a thermomechanics framework of the damage rheology, the condition for the onset of damage accumulation is derived from the basic thermodynamic balance equations (e.g. Lyakhovsky et al. 1997) and is formulated in terms of strains. The strain invariants ratio, I 1 /. √ I 2 (I 1 = ε kk and I 2 = ε ij ε ij are two invariants of the elastic strain tensor ε ij ), controlling the transition from healing to damage accumulation (Lyakhovsky et al. 1997 ) is connected to the value of the internal friction angle of Byerlee's law (Byerlee 1978) . The critical strain invariants ratio, I 1 /. √ I 2 ∼ −0.8, is estimated using the internal friction angle of intact rocks and is well constrained. The kinetics of the damage accumulation (C d value) is associated with the duration of the sample loading from the onset of acoustic emission till its macroscopic failure in the rock mechanics laboratory experiment. The laboratory-constrained rate of damage accumulation is important for understanding the damage accumulation process leading to failure, but it has a minor effect on the geometrical properties of the new-created fault zones and earthquake statistics in regionalscale models (e.g. Finzi et al. 2009; ). The recovery of elastic moduli and material strengthening is associated with healing of microcracks and is favoured by high confining pressure, low shear stress and high temperature. Motivated by the observed logarithmic increase of the static coefficient of friction (e.g. Dieterich 1978 Dieterich , 1979 , Lyakhovsky et al. (1997) used an exponential damage-dependent function with coefficients C 1 , C 2 for the kinetics of healing. The rate of the damage (α) decrease under 3-D compactive strain (ε) is
The damage model with exponential healing (4) reproduces the main observed features of rate-and state-dependent friction and some constraints for the coefficients C 1 , C 2 might be obtained by comparing model calculations with laboratory frictional data. However, these estimations are not well resolved and leave a relatively wide range for their possible values. Some field-based estimates of the healing parameters are given in (Finzi et al. 2009 ). Previous study demonstrated that the efficiency of the material healing controlled by the C 1 , C 2 values significantly affects the evolution of the geometrical complexity of the fault zone ) and statistics of the simulated earthquakes (BenZion et al. 1999) . The process of fault zone localization and reduction of geometrical complexities including development of the Calculated according to the density and seismic wave velocity (a) using linear elasticity. c Calculated using internal friction (Byerlee law) and Poisson ratio (e.g. Lyakhovsky et al. 1997) .
d Estimated using the time interval from the onset of acoustic emission to the total sample failure in the rock mechanics laboratory experiment (Lyakhovsky et al. 1997; Hamiel et al. 2004 and others) .
e Parameters controlling the rate of material recovery (healing); see Finzi et al. (2009) for discussion.
f Seismic coupling or the ratio between seismic and aseismic deformation is constrained from analysis of the palaeoseismicity and decay in the aftershock sequences.
g Carter & Tsenn (1987) , Hirth & Kohlstedt (2003) , and Jin et al. (2001). diagonal fault cutting the pre-existing rhomb-shape sedimentary basin ) is more efficient in more 'viscous' lithosphere, with higher background temperature and slower healing. Disordered complex structures are typical for colder lithosphere and less effective healing. However, in this case also the pre-existing rhomb-shape sedimentary basin is not a stable geological structure and is cut by an oblique fault zone after a time period corresponding to several earthquake cycles .
Comparisons between theoretical predictions and observed deformation and acoustic emission from laboratory experiments in granites and sandstones led Hamiel et al. (2004) to incorporate a gradual accumulation of a damage-related irreversible deformation, ε i i j , which starts to accumulate with the onset of material weakening. The rate of this inelastic strain accumulation is assumed to be proportional to the rate of damage increase. Ben-Zion & Lyakhovsky (2006) connected the rate of irreversible strain accumulation with partitioning between seismic and aseismic deformation in the seismogenic zone, a well recognized mode of deformation on various segments of active faults (e.g. Liu et al. 2007) . They showed that the fraction χ of elastic strain released seismically, referred to as the seismic coupling coefficient, could be estimated from analyses of aftershock sequences. Following this approach and using analytical 1-D results corresponding to uniform deformation, Yang & Ben-Zion (2009) provided estimates of the relative χ -values in different regions of southern California. A direct estimate of the relative fraction of seismic deformation that characterizes a given fault system requires a comparison between the seismic slip and the geodetically observed deformation of the region. Along the Dead Sea Transform, the seismically estimated slip rate based on historical earthquakes accounts for only χ = 0.3 of the total geologically estimated rate (Garfunkel 1981) , and the 20th century seismicity accounts for only χ = 0.1 of the geological slip (Salamon et al. 1996) . This indicates that either a strong earthquake is overdue or that the missing slip is aseismic. Creep along the DST was reported by Finzi (2005) based on aseismic slip detected by InSAR measurements of surface deformation at a specific fault step-over zone along the Arava segment (Southern DST). For the period of 1995 -2000 , Finzi (2005 suggested that approximately 0.3-0.5 of the total slip along the Arava segment was released aseismically. Accounting for this uncertainty, for the seismogenic crust and intrusion we used χ = 0.5 and 0.3 for the upper mantle. Together with the efficiency of the material healing and the heat regime, the seismic coupling significantly affects the rate of the fault zone localization, but the overall tendency of the fault zone evolution remains the same (e.g.
Lyakhovsky & Ben-Zion 2009).
The numerical simulations were done using the Fast Lagrangian Analysis of Continua (FLAC) algorithm (Cundall & Board 1988; Cundall 1989; Poliakov et al. 1993; Ilchev & Lyakhovsky 2001 ). The volume is divided into tetrahedral elements of variable size that increase gradually from about 1 km in the seismogenic zone to about 5 km in the ductile region. The boundary conditions (Fig. 4) , corresponding approximately to the southern Dead Sea transform region, consist of left-lateral plate motion with a rate of about 5 mm yr −1 . The boundary forces applied to the vertical edges of the model are proportional to the slip-deficit between the prescribed constant far field plate motion and displacement of the boundary nodes through virtual springs. These boundary conditions account for the evolution of elastic properties and plastic strain in the model region ). The applied boundary conditions include displacement discontinuities in the regions where the red lines in Fig. 4 , corresponding to pre-existing strike-slip faults outside the simulated domain, cross the edges of the simulated volume. They are located according to the geometry of the Dead Sea transform outside the simulated area. The top of the model is free and the bottom boundary is fixed in the vertical direction and free to slip horizontally. The simulation starts with a stress distribution corresponding to a lithostatic pressure without any differential stress and low randomly distributed damage with damage parameter in the range 0-0.2.
N U M E R I C A L R E S U LT S A N D D I S C U S S I O N
In the first series of model runs (not shown here) we simulated the 'static' conditions without any tectonic loading associated with the motion of the Arabian plate. In the case of the relatively small intrusion assumed in this study, some elastic flexure compensates the buoyancy forces. The size of the intrusion and density difference are not big enough to initiate any observable dropping down of the intrusion or faulting around it. This is opposite to the delamination and detachment mechanism of the drip model (e.g. Lustrino 2005) of lower crustal and lithospheric mantle recycling. It has been proposed that under conditions of normal or elevated heat flux and large intrusion size, as in the case of delamination of the deep batholithic crust beneath the Sierra Nevada, California (Ducea & Saleeby 1996 Saleeby & Foster 2004; Zandt et al. 2004) , buoyancy forces are large enough to guarantee convective removal of eclogite-rich mantle lithosphere (Molnar & Jones 2004) .
Ongoing loading associated with the motion of the Arabian Plate and leading to the nucleation and development of the Dead Sea fault, causes stress amplification around the inclusion indicated by dashed circle (Fig. 5) . Progressive steps every ∼250 000 yr. Panels (a)-(d) show the evolution of material damage at 10 km depth during ∼1 Ma of simulation. With time, the edges of the two propagating fault segments from north and south approach the area where the intrusion is located (Fig. 5a ). At the next stage, new faults nucleate around the heavy body and detach it from the surrounding lithosphere (Fig. 5b) . With time, new oblique segments cut the entire basin and are also formed north and south of the initial basin (Figs5c and d) . The simulated rhomb-shaped basin progressively extends to the north and south by formation of new segments resembling previously discussed possible scenarios (tenBrink & Ben-Avraham 1989; Lazar et al. 2006) of the Dead Sea basin formation. The created fault geometry mimics the pull-apart rhomb-shaped structure, but the mechanism of the basin formation is very different. One of the most important results of the model presented here is the development of the basin by the addition of distinct segments. After the formation of a segment, it deepens with time.
The heavy body detached from the surrounding lithosphere is not isostatically compensated; it starts sinking and pulls down the crustal block above it. This is expressed in the negative topography (Fig. 6 ) and gradual formation of the sedimentary basin. Initially, the isometric shape of the basin (Fig. 6a) reflects the spherical shape of the sinking heavy body. With formation of new fault segments the basin geometry (Figs 6b-d) is mostly controlled by the rhombshaped fault structure and becomes elongated. Detachment of the heavy body leads to the isostatic rebound of the flexure produced by the intrusion and some uplift of the E-W shoulders as discussed in the Wdowinski & Zilberman (1996 , 1997 kinematic model. Continuous downward motion of the heavy body may lead to some additional uplift of the E-W shoulders. The schematic directions of motion together with the geometry of zones where large strain is accumulated are shown on the E-W profile (Fig. 7) . The simulated subsidence rate of about 0.5 mm yr −1 is about ten times less than the slip rate along the Dead Sea fault. With these rates, ∼10 km of subsidence is expected during the period of up to 20 Ma when ∼100 km of horizontal displacement was accumulated. Fig. 7 also shows the simulated distribution of seismicity with depth according to a synthetic catalogue of seismic events generated during the model run. Relatively cold lower crust leads to significant brittle deformation and seismicity even in the lower crust at depths below 25 km. The simulated depths of earthquakes are in agreement with observations of seismicity along the Dead Sea fault.
The total simulated slip along the fault zone is prescribed by the plate motion, while the derived seismicity pattern and evolving fault geometry depend on the inclusion size, rock strength, and material properties. The sensitivity of evolving geometrical and material properties of fault zones to the regional heat flow values and parameters of the damage rheology model was recently discussed by . They connected the rate of the geometrical regularization process with the effective 'brittleness' of the model region. Following their study, complex fault geometry is expected in the model with cold and brittle lithosphere. However, even in the 'very brittle' lithosphere, complex geometrical structures have a clear tendency to localization in a homogeneously layered model or a model with a pre-existing sedimentary basin. In contrast to the results, in the model discussed here, the geometrical regularization process is not realized and new fault segments associated with dropping down of the intrusion are formed (Fig. 5) . Instead of localization of deformation in a narrow zone obliquely cutting the sedimentary basin, geometrical complexity of the fault structure is gradually increased. The whole lithospheric block beneath the basin is sinking and most of the deformation is localized at its periphery (Fig. 7) .
In southern California the Salton Trough may have been formed in a similar way, when the cracks associated with the opening of the Gulf of California propagated northward and met the San Andreas fault where it bends westward (Ben-Avraham and Schubert 2006). . Progressive steps in the topographic evolution. Note the change of the basin from isometric shape to asymmetric and elongated in N-S direction. The initial shape of the basin is controlled by the spherical shape of the heavy inclusion, while at the later stages, interaction between ongoing strike-slip motion with the sinking block leads to a rhomb-shaped geometry. This is the deepest basin along the entire San Andreas fault system, including the Gulf of California. It is possible that here also a heavy magmatic body in the lower crust was detached and dropped down when the two fault system met.
One of the most important model parameters is the size of the intrusion. A large and heavy magmatic intrusion starts sinking before the tectonic load is applied, while a very small intrusion produces negligible stress perturbation and a fault zone obliquely cutting the basin is formed. The suggested mechanism of the sedimentary basin formation requires a relatively small (∼10 km radius) intrusion. The intrusion size mostly controls the width of the sedimentary basin, while its weight, together with parameters controlling the kinetics of the damage evolution, define the rate of subsidence. The rate of gradual elongation of the sedimentary basin by formation of new fault segments is controlled by the rate of loading (plate motion) and parameters of the damage rheology model. Most of the rheological parameters, except those controlling the material recovery, are reasonably well constrained. The uncertainty in the rate of material healing mostly affects the number-magnitude distribution of the simulated earthquakes and the geometrical complexity of the obtained structures, but it has a minor effect on the general tendency of the basin evolution in the presented numerical model.
C O N C L U S I O N S
We investigate the origin and evolution of deep basins along the Dead Sea fault and propose that dropping down of pre-existing heavy magmatic bodies into the mantle is the main mechanism driving their formation. Density heterogeneities, formed in the crust or upper mantle during previous stages of regional magmatism, dropped into the upper mantle when strike-slip faults were created. Numerical simulations indicate that the resulting basin is rhombshaped and grows by the addition of distinct segments to its edges. Results of the modelling (Figs 5-7) suggest that the deepest part of the Dead Sea basin was formed first and later on the basin grew larger by extending to the north and south, a situation which is probably also true for the southern Sea of Galilee in the north and the central Gulf of Aqaba, at the southern end of the Dead Sea fault. The proposed mechanism accounts for the observed heat flow and deep seismicity in the Dead Sea. We further argue that the mechanism proposed here is probably responsible for the formation of large and deep strike-slip basins along other continental transform faults, such as the San Andreas Fault.
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